We experimentally demonstrate the use of subwavelength optical nanoantennas to assist a direct nanoscale ablation using the ultralow fluence of a Ti:sapphire oscillator through the excitation of surface plasmon waves. The mechanism is attributed to nonthermal transient unbonding and electrostatic ablation, which is triggered by the surface plasmon-enhanced field electron emission and acceleration in vacuum. We show that the electron-driven ablation appears for both nanoscale metallic as well as dielectric materials. While the observed surface plasmon-enhanced local ablation may limit the applications of nanostructured surfaces in extreme nonlinear nanophotonics, it, nevertheless, also provides a method for nanomachining, manipulation, and modification of nanoscale materials. Collateral thermal damage to the antenna structure can be suitably avoided, and nonlinear conversion processes can be stabilized by a dielectric overcoating of the antenna.
I. INTRODUCTION
Pulsed laser ablation is defined as the removal of material from a target by the direct absorption of photon energy and is of great interest in scientific research and industrial applications, such as laser micromachining, deposition of thin films, and the creation of new materials [1, 2] . The high ablation threshold of many solids typically requires the utilization of high laser fluences operating at a low repetition rate. However, high fluences may lead to various undesired results, such as collateral thermal damage, which may appear around the laser spot [3] [4] [5] . It has been demonstrated that the threshold fluence decreases with pulse duration, therefore, compared to nanosecond lasers, the ablation process can be initiated by a femtosecond laser with much lower pulse energies. Nevertheless, this rather low pulse energy is capable of fabricating more precise features on solid surfaces with a reduced heat-affected area surrounding the ablated region [6, 7] . This reduction is due to the fact that the pulse width of the femtosecond laser is much shorter than the electron-phonon coupling time (several picoseconds). Consequently, the localized energy deposition is rapidly removed from the region of ablation. It is widely believed that nanoscale small material manipulation will have a big impact in the near future [8] . However, due to the optical diffraction limit, it is difficult to achieve nanometric resolution by direct femtosecond laser ablation [9] .
In order to overcome this apparent limitation, tipenhanced near-field material ablation has been explored by several groups [10] [11] [12] [13] . This ablation method is based on the combination of a pulsed laser and a nanometric sharp tip, usually from an atomic force microscope, which is leveled at a distance of a few nanometers above the sample surface. Under illumination with light, the metallic tip amplifies the radiation intensity around the apex. Subwavelength craters result from the nanoscale heating, and subsequent phase transitions may appear on the sample surface.
In this article, we demonstrate the utilization of resonant plasmonic nanoantennas [14] to achieve subwavelength material ablation. The collective oscillation of free electrons within the skin layer of a nanoantenna may produce high electric fields within an extremely small area, which then results in an order-of-magnitude enhancement of the local field strength in the vicinity of a sharp feature or in the feed gap of a dimeric nanoantenna [15] . This concept of local nearfield enhancement has been exploited, such as for near-field scanning optical microscopy [16] , photodetectors [17] , photovoltaic cells [18] , thermal emitters [19] , saturable absorbers [20] , extreme-ultraviolet emission [21] , single-molecule fluorescence enhancement [22] , harmonic generation enhancement [23, 24] , and optical tweezers [25] . Compared to metallic nanotips, precisely fabricated resonant nanoantennas enable us to tailor the electric near fields with a higher level of control and also offer a more substantial enhancement of incident radiation intensity. Therefore, the resonant plasmonic nanoantenna provides a platform to assist nanoscale material ablation directly by a femtosecond oscillator operating at ultralow fluence and a high repetition rate.
Usually, collateral thermal damage becomes more obvious when the area of interest reaches the nanoscale, as imposed by the larger surface-to-volume ratio and the smaller heat capacity of nanomaterials. For instance, the thermal damage threshold of a gold (Au) nanoparticle with a diameter of 100 nm is less than 0.01 J=cm 2 [26] , which is substantially lower than the ablation threshold for bulk Au (∼0.6 J=cm 2 ) [6] . Here, we report a thermal-free ablation and modification for both metallic and dielectric nanostructures, utilizing the combination of a high-repetitionrate femtosecond oscillator and resonant plasmonic antennas. The nonthermal ablation mechanism also provides a means of laser-induced forward transfer [5, 27] of materials with high resolution, enabling the fabrication of thin nanofilms with high surface quality.
II. NEAR-FIELD ABLATION OF DIELECTRICS
Let us first investigate plasmonic-antenna-enhanced ablation of fused silica (SiO 2 ). To this end, we manufacture Au bow-tie nanoantennas by focused-ion-beam milling of an Au film deposited on a sapphire substrate. A 3-nm-thick chromium (Cr) film is deposited first on the sapphire (Al 2 O 3 ), acting as an adhesion layer for the Au film. The bow tie consists of tip-to-tip oriented triangles with a length of 200 nm, a height of 135 nm, and an apex angle of 40°. After fabrication of the Au antenna, we deposited a 5-nm SiO 2 layer to cover the Au structures. A Ti:sapphire oscillator with a repetition rate of 100 MHz, and central wavelength of 820 nm is then used for irradiating the nanostructures. The experiments are done in vacuum at a background pressure of 10 −3 mbar. Additionally and to prevent oxide contamination, the vacuum chamber is purged with nonreactive pure gases such as argon and nitrogen prior to the experiments. The laser peak intensity ∼2.5 × 10 11 W=cm 2 is estimated from the average power, which is directly measured after the focus. Here, a pulse duration of 10 fs is measured via the dispersion-scan technique [28] , and a waist size of 6 μm is retrieved from a z scan of the surface third harmonic generation. The laser polarization is aligned parallel to the longitudinal axis of the nanoantennas. For the employed laser intensities, we feel confident in neglecting the optical breakdown of the dielectric layer [29] .
Figures 1(a) and 1(b) show the scanning electron microscopy (SEM) pictures of a nanoantenna before and after t i ¼ 50 min of laser irradiation. The comparison reveals that a transparent ellipsoidal nanostructure is produced by laser illumination in the gap between the adjacent tips. To gain further insight into this laser-produced nanostructure, we analyze the top-view image taken with the SEM, i.e., in the x-y plane shown in Fig. 2(a) . Moreover, Fig. 2 In order to discriminate the chemical elements of this laser-induced deposition, we further apply energydispersive x-ray spectroscopy (EDS). The EDS element The SEM micrographs in Figs. 1 and 2 further indicate that the ablation is localized at the apex of the nanostructure. This finding corroborates the absence of thermal effects. To this end, it is important to understand that plasmonic currents in the metallic skin layer and subsequent thermal diffusion are often considered the primary damage mechanism of nanoantennas [30] . In the presence of a SiO 2 overcoating, one would then expect that the Au nanostructures need to be heated close to the boiling point (Au: 2973 K, SiO 2 : 3223 K) to explain any material ablation. The practical absence of gold in the deposit as well as the lack of any deformation in the Au antennas therefore confirms that their temperature is still well below the boiling point of our hybrid system. By using the twotemperature model [31] , the temperature of the Au nanoparticles is estimated to be approximately 500 K, i.e., far below the onset of laser-induced melting or explosive boiling of Au [32] .
III. THERMAL MELTING VERSUS NEAR-FIELD ABLATION
Usually, from strong laser illumination of gold nanoparticles, a structural modification is expected due to the transfer of energy from the heated electron gas into the lattice. This process typically leads to structural reshaping into a sphere, as imposed by the minimization of surface energy [33] . In order to evaluate this effect and concomitant electric near-field enhancement assisted local ablation, we reduce the bow-tie nanoantenna thickness from 135 to 50 nm as to reduce the heat capacity of the antenna structures [34] . While thermal energy diffusion is fast within the metallic nanoantenna heat sinking through the substrate acts as a bottleneck, given the ∼200 times lower thermal conductivity of sapphire. Figure 3 (a) displays the SEM image of a 50-nm bow tie after irradiation by 10-fs pulses in vacuum, which clearly indicates the near-spherical resulting surface that is expected to form after melting of the bow-tie antennas [35] . The Au antennas are clearly modified to nanospheres, while the remains of the dielectric coating still show a triangular footprint. Leaving the pulse energy constant while increasing the duration to 16 fs does not affect the melting of the low-heat-capacity antennas [ Fig. 3(b) ], whereas it noticeably reduces the ablation in the field-based interaction scenario [ Fig. 3(d) ]. Modification of the antenna thickness therefore allows switching between a thermal damage scenario and a nonlinear optical ablation mechanism that scales with local peak-field strength.
IV. COMPARISON BETWEEN SiO 2 -COATED AND UNCOATED Au ANTENNAS
Previously, laser ablation mechanisms in dielectrics and metals had always been considered fundamentally different [36, 37] , with multiphoton absorption ruling the former and linear absorption dominating the latter. Here, we observe similar damage imposed by the same nonlinear mechanism for both dielectrics and metals. Figure 4 (a) shows the SEM image of an uncoated Au bow tie after 50 min of illumination in vacuum. In principle, there appear to be several promising , we can confirm that the deposit in the feed gap, as indicated by the white arrows in Fig. 4(c) , is indeed Au. This kind of low-density metal deposit has been observed previously by nanosecond laser ablation [38] . The highly localized deformation yet again confirms that the ablation does not originate from thermal processes, as induced currents are expected to be maximal in the shank of the bow-tie nanoantennas rather than at the tips [39] .
V. VARIATION OF LINEAR EXTINCTION SPECTRA BY THERMAL MELTING AND NEAR-FIELD ABLATION
In order to further analyze near-field-enhanced local ablation and the thermal melting mechanism, we also measure the extinction spectra of pure Au antennas before and after laser modification. Here, an ultrabroadband Ti: sapphire femtosecond oscillator (650-1000 nm) is utilized as a white light source to enable an in situ linear transmission measurement. The green squares in Fig. 5 show a typical plasmonic resonance of pristine nanoantennas centered at 830 nm. As thermal melting completely reshapes the nanoantennas [inset, Fig. 5(a) ], the complete vanishing of the plasmonic resonance results [blue circles, Fig. 5(a) ]. In contrast, in the case of near-field enhanced ablation, reshaping is limited to the tip region, without modification of other parts of nanoantennas. This mechanism apparently weakens the plasmonic resonance, but does not completely remove it [blue circles, Fig. 5(b) ]. This attenuation may be attributed to the Au deposit in the feed gap.
VI. THIRD-HARMONC GENERATION EFFICIENCY OF NANOANTENNAS
An FDTD-based numerical simulation of the near-field distribution indicates that the peak intensity is comparable regardless of the presence of a SiO 2 overcoating [Figs. 6(a) and 6(b)]. In order to verify the near-field enhancement, we measure the surface third-harmonic generation (THG) [40] [41] [42] as a function of laser electric field direction [ Fig. 6(c) ]. The THG counts are normalized to the signal at θ ¼ 90°. Here, the parameter θ is defined as the crossing angle between the laser polarization and the long axis of the bow tie (x axis). Independently of the presence of an overcoating, we observe that the THG shows an enhancement when the laser polarization is parallel to the bow-tie axis, i.e., θ ¼ 0°. Figure 6 (d) plots the temporal evolution of the THG flux for long-term laser irradiation in vacuum. The THG emission from pure Au nanoantennas (blue curve) is progressively decreasing with irradiation time. This behavior is attributed to the removal of Au atoms from the tips, resulting in an increase of the radius of curvature and gap size, which reduces the surface charge density, and thus the near-field enhancement factor. In contrast, the bow tie with SiO 2 overcoating is capable of maintaining a high THG flux for nearly an hour (green curve). These findings appear to be in concord with the previous observations, i.e., the coated dielectric nanofilm can efficiently prevent the nearfield ablation of Au atoms.
The electric field enhancement is crucial for the whole ablation process, therefore, we also simulate the near-field distribution around pristine as well as ablated bow-tie antennas. After the near-field-enhanced ablation, the most significant changes to the nanoantenna include the increase of radius of curvature (r) of the tips, and the increase of gap size (g). Our pristine bow-tie nanoantennas are fabricated to high precision with the following parameters: r 0 ¼ 20 nm, g ¼ 20 nm; cf. background SEM image in Fig. 7(a) . We estimate from a high-resolution SEM image [background image in Fig. 7(b) ], that after ablation, the radius of curvature is increased to r 1 ∼ 25 nm, and thus the gap size is stretched to g ∼ 30 nm. Figures 7(a) and 7(b) show the simulated field distribution in the gap region of a pristine and an ablated bow-tie nanoantenna, with the dielectric constant of the sapphire substrate set to be ε sapphire ¼ 3. From Figs. 7(a) and 7(b), we can see that the field enhancement factor is evidently reduced by a factor of 2 due to the change of the bow-tie geometry.
VII. DISCUSSION OF NEAR-FIELD ABLATION MECHANISMS
From the previous discussion of experimental results we can exclude plasmonic currents or global heating of the nanostructures as the dominant damage mechanisms, provided only that the antenna has a sufficient heat capacitance to accommodate the absorbed energy fraction of a single laser pulse. The results obtained with the overcoating also rule out field ion evaporation [43, 44] and ion electromigration [45] as possible reasons for the observed ablation processes.
In order to explain the observed antenna-assisted ablation, we consider several well-established mechanisms known from the ablation of bulk materials by femtosecond pulses. Conventional thermodynamics induced strong ablation at high fluence and long pulse duration (≥ few picoseconds) cannot sufficiently explain the femtosecond ablation in our experiments. Given the ultrashort pulse duration, laser fluence at the typical damage threshold of gold and silica amounts to peak intensities above 10 13 W=cm 2 . At this intensity level, nonlinear optical effects such as multiphoton-tunneling ionization and electron emission become significant for few-cycle pulses even in the presence of linear absorption. In fact, energy transfer time from the electrons to ions by collisions requires several picoseconds, which is much longer than the femtosecond pulse duration. Therefore, the femtosecond ablation at low fluence is rather attributed to material nonthermal unbonding and Coulomb-force-driven electrostatic ablation [46, 47] , i.e., a nonthermal and rather gentle ablation process, with a much lower ablation rate than observed in a thermal regime. In this ablation scenario, the intense laser pulse excites a nonequilibrium plasma, characterized by the short-lived (about 1 ps) presence of hot electrons residing in a cold lattice. Although the ions in the lattice remain at room temperature, they experience a sudden change of potential energy and thus may be transiently unbound [46] . Under these transient conditions, a certain amount of hot electrons can escape from the surface in a second excitation step, which creates an electrostatic field between the ejected electrons and the remaining ionized atoms due to the charge separation. While this is certainly a rare process, the resultant electric field may occasionally pull individual ions out of the target [47] , resulting in a slow and gentle removal of the first few monolayers (several nanometers).
As shown in Fig. 6(a) , the field enhancement factor jE=E 0 j around the surface layer of the SiO 2 apex reaches 25, corresponding to a peak intensity of I 0 ¼1.5×10
14 W=cm 2 . Theoretical predictions indicate that SiO 2 will experience multiphoton absorption, tunneling ionization, and possibly subsequent avalanche processes in such strong electric fields. Using the Keldysh [48, 49] formalism, we compute the adiabaticity parameter for solids γ ¼ ω ffiffiffiffiffiffiffiffiffi mE g p =q e E. Using m ¼ 0.635 m e as the effective electron mass and E g ¼ 8.9 eV as the band gap of SiO 2 , γ is then estimated as 0.45, indicative of the prevalent role of tunneling ionization, and, subsequently, possible avalanche ionization. The temporal evolution of electron density ρ (t) is given by [49] 
For SiO 2 , α ¼ 8 cm 2 =J is the avalanche coefficient, β m ¼ 9.9 × 10 25 cm 2m−3 fs m−1 =J m is the absorption coefficient with the photon number m ¼ 6, ξ ¼ 0.66 is the ratio of the maximum internal and the incident intensity, and T ¼ 220 fs is an electron effective relaxation time. The intensity envelope of the laser pulse is described as
Þt=τ, with τ ∼ 10 fs denoting the pulse duration (full width at half maximum). By integrating Eq. (1), we find that the plasma density in fused silica [ Fig. 6(e) ] clearly exceeds the critical plasma density at 800 nm ρ cr ≈ 10 21 cm −3 . As a result, the dielectric overcoating effectively becomes a metal-like overdense plasma.
In a second step, electrons can be ejected out of the surface due to Fowler-Nordheim tunneling [50] [51] [52] tðEÞ
Here, ℏ is Planck's constant, and ϕ is the work function. For uncoated Au antennas, the work function ϕ Au ¼ 4.83 eV. The work function of metallic silica is estimated by subtracting the band edge of fused silica from the ionization energy I P ¼ 13.6 eV, i.e., ϕ SiO 2 ¼ I p − E g ¼ 3.7 eV [53] . For a field strength of 30 V=nm, corresponding to an intensity of 1.5 × 10 14 W=cm 2 , the tunneling probability jtðEÞj 2 amounts to ∼1% and ∼3% for Au and metallic silica, respectively. From this calculation, we can see that, near the peak field strength, a large number of electrons >10 20 cm −3 can be ejected from the surface. After tunneling out of the antennas, these free electrons are then accelerated by the laser field E × cosðωtÞ of the remaining part of the pulse. The displacement of a free electron as a function of time is given by a semiclassical simple man's model [54] ,
Here, ωt 0 is the phase at which the electron is released. Figure 6 (f) shows the positions of electrons tunneling at different phases between −π=2 and π=2. We find that the electrons emitted after the peak field strength (π=2 > ωt 0 > 0) can return to the surface. Figure 6 (g) shows the trajectory (red curve) and the energy (black curve) for the mostly energetic recolliding electrons. In our experiments, the maximum kinetic energy of the returning electrons is calculated to be E k ∼ 3.17·U p ∼ 23 eV [ Fig. 6(g) , black curve], where U p ¼ q 2 e E 2 =4m e ω 2 is the ponderomotive energy. Some part of the returned kinetic energy will be deposited into the surface, a process termed as vacuum heating of the plasma [55] , which can additionally excite surface electrons. The high excitation of surface electrons by the intense light wave as well as the returning energetic electrons can rapidly change the potential energy of surface atoms and molecules, which might be transiently unbound on a subpicosecond time scale. This unbonding associated with electron excitation and ejection occurs only at the surface and will not change the shape as well as the size of nanoparticles. Such a surface unbonding is a significant feature of interaction between plasmonic nanoparticle and femtosecond laser, which recently has been extensively reported [56] [57] [58] . Some atoms and molecules with extreme initial thermal velocity in the highenergy tail of the Maxwell-Boltzmann distribution may escape from the surface within a subpicosecond time window, i.e., on a time scale shorter than the electron relaxation time.
The electrons liberated prior to the maximum field strength (−π=2 < ωt 0 ≤ 0), as well as the secondary electrons will remain in the vacuum between the antenna tips, leaving an energetic electron train near the surface. As shown in Fig. 6(f) , the electron density decreases along the black arrow, i.e., most of the free electrons are rather close to the surface after quiver oscillation. Therefore, an electrostatic field is produced between the escaped electrons and the positively charged nanotips [57] [58] [59] [60] [61] [62] , as schematically illustrated in Fig. 8 . The induced electrostatic field may be strong enough to occasionally pull individual ions from the antenna structure. This process is the standard picture of the electrostatic ablation mechanism, which has been widely investigated [60] [61] [62] . The time for electrostatic ablation, i.e., the ion escape time, is given by [47, 62] ,
Here, ω pe ¼ 1.37 × 10 16 Hz is the electron plasma frequency of Au, m i ¼ 3.25 × 10 −25 kg is the mass of an Au atom. The barrier potential of the Au ion is ε b ¼ 8.2 eV [63] . The electron-electron equilibration time is about 1=ω pe ∼ 0.07 fs, much shorter than the pulse duration. Therefore, the electrons are in thermodynamic equilibrium during the laser pulse; and the surface plasmon-enhanced emission of hot electrons follows a Maxwellian distribution. A portion of these electrons at the high-energy tail of Maxwellian distribution exceeds the ion potential barrier and may be capable of pulling out the ions. If we assume an electron energy of 10 eV, the ablation time of the Au ion is estimated to be t esc ∼ 200 fs, which is evidently shorter than the electron-phonon coupling time. Similar considerations can be performed for SiO 2 , which is more susceptible to electrostatic ablation due to the much smaller atomic mass in the molecule.
In our experiments, the fluence at the tips is estimated to be ∼1 J=cm 2 , which is exactly located in the regime of reported gentle ablation for both gold and silica [64] . Our main observations (Figs. 1-4) also agree with the proposed gentle ablation mechanisms. First, we propose that only the atoms or ions at the high-energy tail of Maxwellian distribution contribute to the ablation. This explains the rather low ablation rate, i.e., one needs several minutes to remove a few nanometers. Second, the decisive excitation mechanism occurs on a subpicosecond time scale, which is much shorter than the lattice heating time. This explains the absence of collateral thermal damage of the nanostructures. Third, the field electron emission and acceleration closely depend on the peak intensity, explaining the dependence of ablation on the pulse duration [Figs. 3(c) and 3(d)].
VIII. CONCLUSION
In summary, we introduce two important design improvements for resonant plasmonic nanoantennas, which both contribute to an extended lifetime of these structures. First, we show that a dielectric overcoating can prevent a degradation of the metallic antenna structure if melting or boiling of the antenna can be suitably prevented. We then show that the latter can be accomplished if the heat capacitance of the plasmonic system is chosen large enough to host the absorbed energy of an individual laser pulse without exceeding the melting temperature of gold. The latter can be achieved by manufacturing antennas of extended thickness. Such carefully designed antennas can be operated for nearly an hour without showing any sign of degradation in their nonlinear optical response.
Apart from the demonstrated stability of the performance of our antennas, the conducted experiments also provide insight into the rich interaction physics of plasmonic nanoantennas. While previously Ohmic losses of the resonantly induced currents were considered the major source of local heating, we explore an additional nonlinear optical damage mechanism that is confined to regions of maximum field enhancement. At the antenna tips, the field enhancement is so strong that near-unity Keldysh parameters can be reached, which enables tunneling of electrons out of the surface of the antennas. These free electrons may then experience a further acceleration by the oscillating electric field. It is interesting to see a class of highly nonlinear interaction processes at work at nanojoule pulse energy levels, whereas these processes have usually been investigated with large amplified laser systems. Most importantly, however, one can influence the relative strength of linear and nonlinear interaction processes as well as their impact on the lifetime of the antenna by suitable design. We therefore think that our findings present alternatives for applications of these highly interesting plasmonic structures. Another interesting aspect is the suggested very cold nature of the ablated gold atoms. Cold ablation processes may therefore enable the construction of atom or ion sources with extremely narrow energy distribution.
